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RESEARCH MEMORANDUM

HEAT TRANSFER FROM HIGH-TEMPERATURE SURFACES TO FLUIDS
III - CORRELATION OF HEAT-TRANSFER DATA FOR AIR FLOWING
IN SILICON CARBIDE TUBE WITH ROUNDED ENTRANCE, INSIDE
DIAMETER OF 3/4 INCH, AND EFFECTIVE LENGTHE
OF 12 INCEES |

By Eldon W. Sams and Leland G. Desmon

SUMMARY

A heat-transfer investligation was conducted with air Tlowing
through an electrically heated silicon oarbide tube with a rounded
entrance, an inside diameter of 3/4 inch, and an effective heat-
transfer length of 12 inches over & range of Reynolds numbers up
to 300,000 and a range of average inside-tube-wall temperatures up
4o 2500° R. The highest corresponding local outside-tube-wall
temperature was 3010° R.

Correlation of the heat-transfer data using the conventlicmal
Nusselt relation wherein physical propertilies of the fluild were
evaluated at average bulk temperature resulted in a separation of
data with tube-wall-temperature level. A satisfactory correlation
of the heat-transfer data was obtained, however, by the use of
nmodified correlation parameters wherein the mass veloclty G (o
product of average air density and veloclty evaluated at bulk
temperature pbv.b) in the Reynolds number was replaced by the

product of average air velocity evaluated at the bulk temperature
and denslty evaluated at elther the average inslde-tube-wall tem-
perature or the average film temperature; In addltion, all the
physical properties of eir were correspondingly evalunated at elther
the average inside-tube-wall temperature or the average fllm tem-
perature.

INTRODUCTION

A general program has been undertaken at the NACA Lewls lab-
oratory to obtein surface-to-fluid forced-convection heat-transfer
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data and associated information over a range of high surface tem-
peratures and heat-flux densities.

As the first phase of the program, a heat-transfer investi-
gation was conducted with air flowing through an electrically
heated Inconel tube over a range of Reynolds numbers up to 250,000
and a range of average inside~tube-wall temperatures up to 1700° R,
the results of which are reported in reference l. Reference 2
enlerges upon the heat-transfer and assocleted data presented in
reference 1 and extends the Investigation to include rangeas of
Reynolds number up to 500,000 and average inside-tube~wall tem~
perature up to 2050° R.

As & continuvation of the general heat-transfer program, the
Investigation reported herein was conducted with alr flowing through
an electrilically heated silicom carbide tube to obtain heat-transfer
data over a greater range of surface temperature than was possible
wlth the Inconel tube. Data were obtained over renges of Reynolds
number up to 300,000, averasge inside-tube-wall temperature up to
2500° R, heat-flux density up to 600,000 Btu per hour per squere
foot, and tube-exlt Mach number up to 0.50. Average heat-transfer
coefficients are correlated in accordance with the familiar Nusselt
relation and with modifications thereto. Pressure-drop data are
correlated with air flow and the ratio of tube-entrance- to tube-
exlt-air density.

APPARATUS

A schematic dlagram of the heater tube and associated compo-
nents of the air and electrical systems used in this investigation
is shown in figure 1. A photograph of the heater-tube installation
is shown in figure 2. The setup, in general, was slimilar to that
of references 1 and 2.

Heater Tube

The heater tube, the details of which are shown in figure 3,
conaisted of a commerclal silicon carbide tube having an inside
diameter of 3/4 inch, a wall thickness of 3/16 inch, and a total
length of 21 inches. The silicon carblde material used in the
center 12-inch section of the heater tube had a higher resistivity
than that used in the ends, thereby forming a continuous ceramioc
tube with a 12-inch hot section at the center (taken as the effec-

tive heat-transfer length) and a 4%-1nch cold section for terminal



STTT

\
NACA RM ESDi2 3

connection at each end. Two bralded-sluminum-~wire terminal straps,
clamped to the tube at each end, connected the heater tube to the
electric power source.

An A.S.M.E. type long-radius low-ratio nozzle of the seme
throat dlemeter as the inslde diameter of the tube was used to
measure the air flow and also to provide a smooth alr entrance into
the hester tube. The heater tube was secured in position by two
packing glands, one fastened to the nozzle plate at the tube
entrance and the other to a plate at the tube exit.

The heater tube was thermally insulated by three concentric
stainless~-steel radlstion shields with Insulating cement f£illing
the annular spaces between the shlelds. The total thickness of the

insulatlon and shilelding was 2% inches.

Outside-tube-wall temperatures were measured by 13 chramel-
alumel thermocouples located at l-inch iIntervals along the top of
the l2-inch effective heat-transfer length and one additionsal
thermocouple located 1/2 inch outside each end of the hot section.
The thermocouples were cemented to the outslde wall of the tube and
wrapped a guarter turn around the tube to reduce conduction losses.
Frequent inspection verified contact between the thermocouple Jjunc-
tion and the tube well. Temperatures were read by means of a
manually operated potentiometer.

Alr System

Alr at a meximm pressure of about 50 pourds per square inch
gege and a temperaturs of about 540° R was supplied through a
pressure-reguleting valve, alir filter, alr preheater, and a
0.620~inch A.S.M.E. type flat-plate orifice to a large surge tank,
es Indicated in figure 1. From the surge tenk, the alr passed
through a calming tenk, the tube-entrance flow nozzle, and the
heater tube into the mixing tenk where 1t was dlscharged to the
atmosphere. The surge tank, calming tenk, mixing tank, and entrance
and exit piping adjoining the heater tube were thermally insulated.

The mixing tank contained three concentric tubes so arranged
that the air leaving the heater tube made three axlal passes through
the mixing chamber before being discharged to the atmosphere. Two
staggered baffles placed halfway through the Ilnnermost tube insured
mixing of the heated air. The mlixing tank was mounted on rollers
to accomodate thermal expanslon of the heater tube and was counter-
welghted to overcome rolling frictliom during thermal comtraction
of the tube.
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The temperature of the alr entering the heater tube was meas-
ured by two lron-constantan thermocouples located at the exit of
the calming tank. The temperature of the alr leaving the heater
tube was measured by two chromel-alumel thermocouplies located
immediately downstream of the staggered baffles in the mixing
chamber. Two static-pressure teps, one at the throat of the nozzle
and the other in the tube-exlt plate, were used to measure the
pressure drop across the heater tube.

Electrical System

Power wes supplied to the heater tube from a 208-volt 60-cycle
alternating-current supply line stepped down to 120 volts through
an autotransformer. A saturable reactor was connected In one of
the power leads between the autotransformer and the heatexr tube. A
rheostat, placed in the 125-volt direct-cuxrrent supply line to the
reactor, was used to control the degree of saturation of the reactor
and corresponding power Input to the heater tube. The capacity of
the electric equipment was 15 kllovolt-amperes.

The power supplied to the heeter tube was measured by a watt-
meter. A voltmeter comnected across the terminal straps end an
ammeter commected in one of the copper power leads were used to
measure voltage drop and current through the tube, respectively.
The ammeter and current coll of the wattmeter were ocommnected to the
load through current transformers.

PRELIMINARY CALIBRATTONS AND EXPERIMENTAL PROCEDURE

Alr-flow measurements. - Alr-flow-callbration curves for the
previously desoribed long-radius low-ratio nozzle and the flat-
plate orifice were calculated using established A.S.M.E. flow
coefficlients and equations available for these types of flow meter.
The measured air flows, as Indiocated by the two individually cali-
brated meters, checked within 5 percent over the range investigated.

Tube-wall-temperature measurements. - In order to determine
whether the outside-tube-wall temperatures (as indicated by the
chromel-alumel thermocouples in contact with the wall) were affected
by current flowing through the tube, power was supplied to the
heater tube untll a predetermined observed tube-wall temperature
was reached and conditions were stabllized. The power was then
ghut off and the readings of several thermocouples were recorded at
S-gecond intervals. The temperature obtained by extrapolating the
curve of the observed time-tempersture reedings to zero time for

SITT
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each thermocouple was in agreement with the cobserved temperature
reading Just prior to the time of power shut off. The obmerved
wall-temperature readings were therefore concluded to be Ilnsensi-
tive to the 60-cycle current and to any stray flelds that may have
exlisted about the tube.

Leakege alr-flow losses. - As a result of the process used in
forming the sillcon carbide tube, a certain smount of porosity
existed in the heater-tube wall. A celibration of leaksge ailr flow
through the tube wall was therefore made over a range of average
tube~-wall temperatpres and average static pressures 1n the tube. A
predetermined pressure was established in the tube with the exlit end
closed (only leakage air flowing) and the air flow recorded for
various values of average tube-wall temperature. The procedure wes
repeated for a range of average static pressures in the tube. The
leakage elr flow thus obtained for a given average tube-wall tem-
perature and average statlc pressure in the tube was consldered to
be equivalent to that existing at the same temperature and pressure
conditions during the heat-transfer runs.

The resulting calibration curve of the tube-wall leakage air
flow 1s shown in figure 4 plotted against average outside~tube-wall
temperature for a series of values of the ratlo of average static
pressure in the heater tube to atmospheric pressure Pt/Pa (where

Py 1s about 14.7 l'b/sq_ in. absolute). For a constant value of
pt/pa, the leakage alr flow through the tube wall decreases with

increasing tube-wall temperature. This trend may be accounted for
by the fact that an increase In temperature causes both an Increase
in the viscosity of air end an increase in the graln size (with
consequent reduction in porosity) of a ceramic.

External heat logses. - The extermal heat loss from the heater
tube includes losses through radlastion, conmduction, and natural
convection plus an additlonal heat loss effected by air leakage
through the tube wall. An extermal-heat-loss callibration was made
over & range of average tube-wall temperatures and a range of values
of pi/Py 1in & mammer similar to thet used in determining leakmge

alr flow. For a glven tube-wall temperature and value of Pt/Pa.

(with only leaskage air flowing), the power input to the tube was
congsidered to be equivalent to the extermal heat loss existing at
the same temperature and pressure condltions during the heat-
transfer runs. The resulting calibration curve of the external heat
loss plotted sgainst average outside-tube-wall temperature is shown
in figure S for a series of values of the ratilo pt/Pa.‘
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Heat-tranafer runs. - Surface-to-fluid heat-transfer coeffi-
clents and assoclated data were cbtalned over ranges of Reynolds
number up to 300,000, average inslde-tube-wall temperature up to
2500° R (local outside-tube-wall temperature reaching 3010° R),
heat-flux density up to 600,000 Btu per hour per square foot, and
exlt Mach number up to 0.50.

The first silicon carblde heater tube used in this investigation
failed after heat-transfer data were obtained up to an average
inside-tube-wall temperature of 1675° R. A second tube, having the
game composition and physical dimensions as the first, was inetru-
mented and installed in the setup. Data on the second tube were
obtained at average inside-tube-wall temperatures of 785Q 1161°
1722°, 2125°, and 2502° R.

In establishing a teat condition, the tube-entrance air pres-
sure was set et the mlnimum value that could be obtalned with the
pressure-regulating valve; power wes then supplied to the heater
tube until the deslred aversge ilnside-tube-wall temperature was
obtained and stabllized. All temperature, pressure, and power-
input readings were then recorded. The procedure was repeated for
successive alr flows throughout the desired range of Reynolds
number for the same average tube-wall temperature.

SYMBOLS
The following symbols are used In the calculations:
A cross-gectional area of fluid astream, 0.00307 (sq f£t)
ER specific heat of air at constant pressure, (Btu/(1b)(°F))
D inside diameter of heater tube, (ft)
G mess veloclty, Wgo.m/A, (1b/(br)(sq £t})
H, external heat loss, (Btu/hr)
h average heat-transfer coefficient, (Btu/(hr)(sq £t)(°F))
k thermal conductivity of air, (Btu/(hr)(eq £t)(°F/ft))
kt thermal cqnductivitgFof tube material (sllicon carbide),

/£1))

L effective heat-transfer length of heater tube, (ft)

(Btu/(hr)(sq £t)(

1118
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Ap

Py/Pg

r

ko]

VL

w5

static-pressure drop through heater tube, (1b/sq ft)

ratio of average statlc pressure in heater tube to
atmospheric pressure

rate of heat transfer to air, (Btu/hr)

" inner radius of heater tube, (ft)

outer radius of heater tube, (ft)

effective heat-transfer area of heater tube, 0.1965 (sq f£t)

air bulk temperature (average total air temperature),

1/2 (Tl +T,), (°R)
average f1lm temperature, 1/2 (Tb + Ts)’ (°R)
average outside-tube-wall temperature, (°R)

average inside-tube-wall temperature (surface temperature),

(°r)
total alr temperature at heater-tube entrance, (°R)
total air temperature at heater-tube exit, (°R)
velocity of air, (£t/br)

corrected air flow, W, - 2W,, (1b/hr)
t 2"1

tube-wall leakage air flow, (1b/hr)
total air flow at tube emtrance, (1b/hr)
absolute viscosity of air, (1b/(hr)(f£t))
density of air, (1b/cu £t)

ratlo of alr densltles at entrance and exit of heater tube

ratio of alr density at tube entrance to standard sea-level
alr density, p;/0.0765

Russelt number
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c M
—ﬁ— Prandtl numbexr
V.D
%% Reynolds number, b b
PpV,D
e modified £1lm Reynolds number

Pg¥pD modifled surface Reynolds number

g
Subscripta:
b physical properties of air evaluated at air bulk tempera-
ture Tb
g physical properties of alr evaluated at average film tem-
perature Tf
8 physical properties of air evaluated at average inside-tube-

wall temperature Ts

METHODS OF CALCULATION

Temperatures. - The average outside-tube-wall temperature To

was obtained by measuring the area under a curve of the temperature
distribution along the effective heat-transfer length (as obtained
from thermocouple readings) and dividing the area by the effective
heat-transfer length.

The average inside-tube-wall temperature T, was then cal-

culated from the average outside-tube-wall temperature, the rate of
heat trensfer to air, and the thermal conductivity ané physical
dimensions of the heater tube by the following equation (derived in
reference 3):

2 2
2 o T - Ty
Ty =T - 2 - z 23 <To logg .
xL ky (ry” - r4°) 1 2
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In the foregoing equation, the assumption 1s made that heat is
generated uniformly across the tube-wall thickness and the heat flow
from every point in the tube wall is radially inward. Substituting
the velues for thermal conductivity of sllicon carbide (assumed
conastant) and physical dimensions of the heater tube reduces the
egquation to
Tg = T, - 0.00368 Q

A value of 10.0 wag used for the thermal conductivity of
sllicon carblde because of the lack of data on its variation with
temperature. The possible error introduced is negligible inasmuch
as the calculated temperature drop across the tube-wall thilckness
is amall compared with the difference between the average inside-
tube-wall and the air bulk temperatures.

The air bulk temperature was teken as the average of the heater-
tube entrance and exlt total-air temperatures T1 and Tas
respectlvely. The average film.temperatﬁre 'I‘f wes taken as the
average of the alr bulk temperature and the average ingide-tube-
wall tempsrature. )

HJeat-transfer coefficient. - The average heat-transfer coeffl-
clent h was calculated by the following equation:

Woorr Co,b (TZ N Tl)
5 (Tg - Ty)

h =

The alr-flow term Woory used in this equation included a

correction for the alr leakags through the heater-tube wall. For
a given condition, only one~half of the leakegé alr entering the
tube was assumed to be effectively heated to the exlt total-ailr

temperature Tz; ‘the corrected alr flow Wborr was therefore

taken as the total flow entering the tube W% less one-half the

corresponding tube-wall leakage flow W, &as determined from fig-

12

ure 4. The maximum value of tube-~wall leakage flow encountered
during the heat-transfer runs was less than 10 percent of the total
flow entering the tube.

Physical propertles of alr. - The values used herein of spe-
cific heat at constant pressure Cps thermel conductlvity Kk,

absolute viscosity un, &and corresponding values of Prandtl
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number cpp/k for alr were obtained from references 4 and 5 and

are plotted in figure 6 as a function of temperature. The data of
reference 4 covered a temperature range from 351° to 2060° R and
were the same as the data used in the investigations of refer-

ences 1 and 2. The data corresponding to temperatures from 2060°
to 2600° R were obtained from reference 5 and were slightly adjusted
at the low-temperature end to provide continuity with the data of
reference 4.

RESULTS AND DISCUSSION
Tube-~-Wall-Temperature Distribution L

Axial -temperature-distribution curves showing the outsid
tube-wall temperature along the effective heat-transfer lergth‘of
the heater tube for the condition of no alir flow are presen in
figure 7 for various values of electric heat input and corresponding
average outslde-tube-wall temperature. The steep temperature
gradients at the entrance and exlt of the hot section are a result
of the heat-conduction losses through the terminal straps and tube-
end supporting plates. The curves are approximately symmetrical
about the center of the hot section.

Representative outside-tube-wall-temperature-diatribution
curves for the condition of alr fiowlng through the tube are shown
in figure 8 for five values of electric heat input and resulting
average outside-tube-wall temperature. Figures 8(a) and 8(b) are
for nominal Reynolds numbers of 47,500 and 157,000, respectively,
based on the air bulk temperature. The curves indicate a shift of
the peak temperature toward the tube exit with an increase in
Reynolds number. A steep temperature gradlent, simllar to that for
the no-flow condition (fig. 7), exists at each end of the hot
section. :

Heat Balance

A heat balance for the heat-transfer runs conducted an both
the Pirst and second silicon carbide tubes is shown in figure 9
wherein the value for rate of heat transfer to air plus the external
heat loss (obtained from fig. 5), (W; - Wz)"p,b(Tz - Tl) +H, 1is

plotted against the corresponding value of electric heat input.
Inasmuch as the value of external heat loss, as cbtalned from fig-
ure 5, includes the heat lost to the leakage alr, the total air
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flow Wi less the leakage flow Wl was used to evaluate the

corresponding rate of heat transferred to alr for use in the heat
balance. The heat-balance data have a maximum devlation of aboutb
5 percent from the match line.

Correlation of Heat-Transfer Coefficients

Inasmuch as the data obtained with the first tube were incom-
plete (because of tube failure), only the data obtained with the
second heater tube are presented In the development of a satlsfac-
tory heat-transfer correlation. The data for the first tube,
however, are Included for comparison in the Pinael correlation
method .

Correlation based on alr bulk temperature. - The data of thils
investigation are presented in figure 10 in accordance with the
conventional correlation method wherein Nusselt number divided by

' 0.4

c. 3 i
Prandtl number raised to the 0.4 power <?D/k;}(&lh%%—;h is
’ b

plotted against Reynolds number DG-/ub with the physical properties
of a;r evaluated at the alr bulk temperature.

A Tamily of parallel lines representing the filve average
inside-tube-wall-temperature levels investigated and having slopes
of about 0.82 at Reynolds numbers above approximately 40,000 were
obtained. At lower Reynolds numbers, the data fall off indicating
the presence of transition flow. The values of the heat-trangfer

0.4

c -

parameter <?D/k?)/<:2*a—gg> decrease progressively with an
b

increase 1n tube-wall temperature; the valus at 2502° R is about

35 percent lower than that obtained &t 785° R at a Reynolds number
of 70,000, A decrease in the value of the heat-transfer parameter
with an increase in tube-wall temperature was also observed in the
data of references 1l and 2. Included for comparison is the line
(dashed) obtained from reference 6, wherein the results of various
investigators were correlated using the same values of physical
properties of alr as were used herein (fig. 6). The reference line
was obtained by transposing deta from a Stanton number plot in
reference 6 to the coordinates of flgure 10 with the Prandtl number
assigned a value of 0.70, which corresponds to the physical prop-
erties of air at 5800 R (fig. 6). The low-temperature data of
references 1 and 2 (not shown) were in agreement with the line of
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reference 6, whereas the low-temperature data of this investigation
fall above the line of reference 6.

This discrepancy may be due to one or more of the following
factors that must be taken into consideration In evaluating the
present data:

1. As previously mentioned, the surface area S used in cal-
culating the average heat-~transfer coefflcient h included only
the area of the high-resistance section of the tube. Inasmuch as
the end sectlions contributed an indeterminable amount to the total
heat transferred, the calculated values of the heat-transfer
coefficients may be different from the actual values,

2. In view of the large difference between the tube-wall and
alr-temperature distributions along the tube length, the average
heat-transfer coefficlient h calculated from the difference between
the average wall and average alr temperatures may not be a true
average of the local heat-transfer ccefficilents.

3. Increased turbulence resulting from a high degree of rough-
ness of the tube wall may result in higher than normal heat-transfer
coefficients.

4. Bleeding off of the boundary layer as a result of alr
leakage through the tube wall may result in higher than normal heat-
tranafer coefficients.

Correlation based on surface temperature. - The data are
replotted in figure 11 with the physlcal properties of alr evaluated
&t the average inside-tube-wall temperature (surface temperature).
The lines through the data representing the flve wall-temperature
levals show the seme general charecteristics as pointed out In fig-
ure 10; in thls case, however, the separatlion of data for the same
range of wall temperatures 1is greater, the value of

-4 :
c
<?D/k;y/-lh§}5%5 at 2502° R being about 50 percent lower than
g

that obtained at 785° R &t a Reynolds number of 70,000. If the
physical properties of alr were evaluated at the average film tem-
perature, the separation of datas for the same Increase in wall
temperatures would be between the 35-percent and 50-percent decrease
in values indlicated in figures 10 and 11l.

Correlation based on modified surface Reynolds number. ~ The
heat-transfer date are replotted in figure 12 wherein the mass

1115
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velocity G (or prb) in the conventional (or bulk) Reynolds

number is replaced by the product of elr density evaluated at the
average inside-tube-wall temperature Py and average veloclty

evaluated at the bulk temperature Vy; 1in additiom, all the

physical properties of air are evalusted at the average lnside-
tube-wall temperature. Thia modified surface Reynolds number is
related to the conventional Reynolds number by the following

T e

This method of plotting (fig. 12) results in a satisfactory
correlation of the data for the flve tube-wall-temperature levels
Investigated although & slight temperature effect still exists.
The slope of the line drawn through the data above a Reynolds
number of approximately 10,000 is 0.83.

Included for comparison is the line (dashed)} from reference 1
that was obtained by the same method and correlates heat-transfer
data from & similar setup (using an Incomel tube) for ranges of
inside-tube-wall temperature up to 1700° R and Reynolds number
above 10,000, The slope of the reference line ia 0.80. The higher
heat-transfer coefficients obtalned in this investigation as com-
pared with those shown by the reference correlation line may agaln
be accounted for by one or more of the factors mentioned in the
discussion of figure 10. For these reasons, it 1s believed that
the resulte of reference 1 are more accurate than the results
presented hersin. The resulis of this investigation are of
interest, however, in that they indlcate that the method of cor-
relation based on the average inside-tube-wall temperature still
applies up to tube-wall temperatures of 2500° R, the 1limit of this
Investigation.

Correlation based on modifled film Reynolds number. - The
date are replotted in figure 13 wherein the mass velocity G
(or pbv5) in the Reynolds number is replaced by the product of

air density evaluated at the average film temperature Pp and

average veloclty evaluated at the bulk temperature V%; in

sddition, all the physical properties of alr are evaluated at the
average £ilm temperature. The relation between the modified flim
Reynolds number and the conventional Reynolds nuxber is given by
the following equation:
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ERCIONGICIEY

Thie method of plotting (fig. 13) results in a good correlation of
the data over the ranges of average inside-tube-wall temperature
and Reynolds number inveatigated. Thls correlaetion 1s hetter than
thet obtained using the modified surface Reynolds number (fig. 12)
for the present data. TFor the data of reference 1, however, the
modified surface correlation proved slightly better than the modi-
fied £ilm correlation. The results of the investigation reported
herein are not ccnsldered sufficlently accurate to serve as a basis
in choosing between the average fllm temperature and the average
ingide-tube-wall temperature for evaluation of the physical prop-
erties of elr in the correlation equation.

For purposes of comparlson, the data of flgure 13 are replotted

in figure 14 with additlonal heat-transfer data obtained on the
first heater tube. This method of plotting (modified film Reynolds
number) also correlates the data for the first tube throughout the
range of tube-wall temperatures investlgated, the slope of the
correlation line (dashed) being 0.75. The difference in slope
between the two correlation lines, which becomes apparent at
Reynolds numbers above 20,000, is not clearly understood, but may
be partly due to inherent differences in tuhe-wall roughness,

Pressure~Drop Correlatlion

Measured values of static-pressure drop through the second
heater tube are correlated in figure 15 where the product of the
ratlio of alr density at tube entrance to standard sea-level denslty
o3 and the pressure drop through the tube Ap divided by cor-

rected air flow to the 1.86 power wcom_l-86 is plotted against

the ratio of alr densities at the entrance and exit of the heater
tube pl/pz. The exponent 1.88 on corrected alr flow was obtained

from logerithmic plots of o ,4p against wcorr for constant
values of pl/pz. The densities pl/p2 were evaluated at the

gtatic presaure and total temperature at the entrance and exit of
the tube, respectively. The pressure-drop data correlate within
a maximum deviation of £10 percent.

1118
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SUMMARY OF RESULTS

The resultes of the heat-transfer investigation with alr
flowing through an electrically heated sllicon carbide tube with a
rounded entrance, an inside diameter of 3/4 inch, and en effective
heat-transfer.length of 12 inches for ranges of B_Jnolds number up
to 300,000 and average inslde-tube-wall temperature up to 2500° R
(corresponding local outslide-tube-wall temperature reaching
3010° R) showed that:

l. Correlation of average heat-transfer coefficients using
the conventlional Russelt relation, wherein physical properties of
the fluid are evaluated at the alr bulk temperature, resulted 1ln a
geparation of data wlth tube-wall-temperature level; at 2 Reynolds
number of 70,000, the Nusselt number decreased about 35 percent
with- an 1norease in average inside-tube-wall temperature from 785°
to 2502° R. A simllar effect resulted when the physical properties
of air were evaluated at the aversge inslde-tube-wall temperature,
although In this case the Nusselt number decreased about 30 percent
for the same increase in average tube-wall temperature.

2. A satlsfactory correlatlion of the heat-transfer data over
the ranges of inslde-tube-wall tempersture and Reynolds number
investigated was obtained by the use of modifled correlation methods
wherein the mass velocity G (or product of average alr density and
veloclty evaluated at bulk temperature phvs) in the Reymolds number

was replaced by the product of average veloclty evaluated at the
bulk temperature and density evaluated at either the average inside-
tube-wall temperature or the average film temperature; in addition,
all the physlcal properties of air were correspondingly evaluated at
elther the average inside-tube-wall temperature or the average film
temperature. The correlation based on the average film temperature
was somewhet better than that based on the average inside-tube-wall
temperature. Because of uncertainties in evalunation of the heat-
transfer coefficients, such as the bleeding off of the boundary layer,
the results of this investigation are not considered sufficlently
acourate to serve as a basis in choosing between the average flim
temperature and the average inside-tube-wall temperature for evalu~
ation of the physical propertles of air in the correlation equatiom.

Lewls Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohlo,
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Flgure 2. = General view of heater-tube Installation.
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